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Tt is owoy surra'c'e-lattice dynamics 1:at a new type of surface vibrational resonance arises in those frequency regions where there is a strong depletion in th( bulk phonon density of states. The presence of these Pseudoband gaps is due to high r Fourier components in the phonon dispersion relations introduced by the particular coordination of atoms in layers parallel to the surface. A quantitative analysis based on surface lattice dynamics of the recorded electron energy loss spectra of Ct and Ni suggests that the outermost surface interlayer force constantis rather cosf to the bulk valmue. This resonance is found to exist throughout theM'X direction C 2 1473 ESITIO-I O~r NOV 55 IS OISOLETE
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ano makes an avoided crossing with a resonance derived from a band gap at the XJpoint. An explanation is given for the disappearance of the divergent van Hove singularities in theprojected bulk density of states upon projection on a surface layer.
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In this paper we show in detail how a surface vibrational is due to the higher Fourier components in the phonon dispersion relations resonance arises in situations with pseudoband gaps in the introduced by the particular coordination of atoms in layers parallel to the bulk phonon density of states. The surface is observed to split surface. A quantitative analysis based on surface lattice dynamics of the off a mode from the region of high density of bulk phonon recorded electron energy loss spectra of Cu and Ni suggests that the outermost surface interlayer force constant is rather close to the bulk value. This states into the pseudoband gap region where the strong resonane is found to exist throughout the r.? direction and makes an depletion of the density of states causes the mode to become avoided crossing with a resonance denved from a band gap at the X-point, a resonance. An argument is also given for explaining why the An explanation is given for the disappearance of the divergent van Hove divergent van Hove singularities which are present in the singularities in the projected bulk density of states upon projection on a projected bulk density of states disappear for a projection on surface layer. the surface layers. These divergences disappear because an incident phonon at those frequencies interfere destructively * 1. Introduction with the phonons scattered from the surface. On the [1101
The vibrational properties of clean metal surfaces have surfaces of fcc Ni and Cu crystals the pseudoband gap is -"
recently attracted a lot of attention both from an experimen-shown to exist along the r, direction in the surface Brillouin tal and theoretical point of view. These studies have been zone (SBZ). The corresponding surface vibrational resonance •" made possible by new surface sensitive vibrational spec-makes an avoided crossing with a resonance derived from a troscopies such as inelastic He scattering and electron energy gap mode at the K-point in the SBZ. loss spectroscopy (EELS). These techniques probe vibrations A detailed quantitative comparison of the measured with such high frequencies that the surface lattice dynamics spectra with the calculated EEL spectra show that the loss cannot be described fully within the continuum elasticity peak derived from the resonance is reproduced with a value for theory. In this frequency regime the atoms vibrate with large the outermost surface interlayer force constant within + 15% relative displacements such that the surface geometric struc-from tts bulk value. In contrast. large oscillatory relaxations ture and the surface interatomic forces are expected to play of the surface layers were observed by low energy electron a decisive role. Recent measurements on Ni(100) by EELS diffraction (LEED) for these surfaces [8]. The EEL spectra [I. 21 and Ag( ll1) by inelastic He scattering [3, 4] demon-also give information about the dipole activity of the surface strated that such information can be extracted from surface layers. The shape of the loss spectrum is well reproduced by *vibrational spectra.
only the two outermost surface layers giving the dominant
The possibility to observe dipole active surface vibrational contribution to the dipole activity. The dipole strength is modes on clean metal surfaces was recently demonstrated for found to be of the same order of magnitude as measured for * the (100) surfaces of Cu and Ni by EELS [5] . In a recent letter the (100) surfaces [5].
we reported the observation of dipole active resonance modes The vibrational structures of the surface appear in the on the (110) surfaces of Cu and Ni [61. These modes were measured spectra through a specific projection of the surface shown from surface lattice dynamics calculations to be a new vibrational density of states. While the relevant projection kind of resonance arising from a pseudoband gap in the probed in inelastic He scattering is essentially given by the density of states for longitudinal phonons propagating displacements of the outermost surface atoms normal to the normal to the surface. This gap defines a region where the surface [91, the relative rigid displacements of the surface bulk phonon density of states is significantly depleted and has ayers is the relevant projection in inelastic dipole scattering a simple structural explanation in terms of the coordination [5] . Such vibrational density of states have been evaluated of the atoms in the layers normal to the (110) direction of fcc here from surface lattice dynamics for a semi-infinite subcrystals. A rcent analysis of the bcc(I Ill) surfae has shown strate using simple force constant models.
crytal. Arecnt nalsisof he cc( 11 sufac ha shwn The force constant models have been extracted from Born that this type of surface resonance is a general effect which von frce an t odelstiaveutrn extted with a reference model with no more justification than that it describes the large effect of the loss of coordination of atoms at the surface.
Cu(110) The surface vibrational density of states has been calcu-20 lated using a Green's function technique proposed by Lee meV and Joannopoulos [12] . This technique is based on the 4 transfer matrix and its application to surface lattice dynamics meV is described in the Appendix.
Experimental procedures c x1500
The experiments were performed in a multitechnique ultrahigh vacuum system which is evacuated by turbomolecular,
.5o
ion, and titanium sublimation pumps with a base pressure of 4 x 10-" Torr [1 3]. The electron spectrometer is based on a ,-Ni(1 10) double pass 1270 cylindrical electrostatic deflector for the the layers of atoms normal to the surface can be dipole active. The vibrational spectra of the clean Cu and Ni(i 10) sur-Such a motion of the bulk layers corresponds to longitudinal faces are shown in Fig. I . A single sharp vibrational loss peak bulk phonons propagating in the [110] direction. It is known is observed at 20 and 24meV on the Cu(1 10) and Ni(l 10) since the early studies by inelastic neutron scattering that the surfaces, respectively. Off-specular measurements show these full bulk phonon dispersions for Cu and Ni can be well losses to be excited by the dipole scattering mechanism [14] . described by a Born-von Karman model of lattice dynamics Energy gain peaks are also observed with an intensity ratio to based on central nearest neighboring force constants [10, 11] . the energy loss peaks determined by the Bose-Einstein distri-In this model the eigenvalue problem for the longitudinal bution factor at 300 K. An important feature of these losses bulk phonons propagating in the [I 10] direction is given by is that the ratio of their energies scales as the ratio of the maximum bulk phonon frequency which is 29. 
Pseudoband gaps and surface resonances
where wL is the displacement of an atom in the Lth laver in The notion of a pseudoband gap is illustrated by the disper-a direction normal to the layer. The fit is particularly good in the high energy region and the dvd, = 0 give rise to divergent van Hove singularities in * largest discrepancies are typically found in. for this analysis. .(r) ( 15]. The divergences are in most cases power singularities the less interesting low energy region. with an exponent -1,2. This kind of singular behavior is A characteristic feature of the dispersion in the.[ 11direc-readily shown from the fact that it is possible to make a (ion is Its non-monotonic behavior with a maximum Jt Taylor expansion ,()
= ell within the Brillouin zone. This behavior can be isolated stationary point = , and eq. (5) gives directly that understood simply from the coordination of atoms in this direction shown in Fig. 3 . In this case an atom has nearest Cl') , C C,.
neighbors not only in the nearest layer but also in the next i nearest layer. The next nearest neighboring atom lies in the tiowever. in some exceptional cases, which are not encoun-[110] direction and causes the next nearest interlayer force tered here. -= 0 and the next leading term in the Taylor constant to be as strong as the nearest interlayer force con-expansion gives rise to another value for the exponent. For stant in eq. ( I ). This causes for instance the restoring Iorce tor metals it is also possible to have non-analytical behavior. the displacement fields at , = 0.5 to be stronger than at Kohn anomalies, from the long-range interactions intro-. = 10. In the other two crystallographic directions an atom dUCeC 4 bs the sharp Fermi surface. lh<,e singularities are not has only nearest neighboring atoms in the nearest neighbor-discernible for Cu and Ni. The most important point to be ing layer and this causes the dispersion to be monotonic with made here about g(w) is the fact !hat the [1101 dispersion C as evidenced by eqs. (2) and (4). relation has a relatively large density of states in a rather In surface vibrational spectroscopy one probes the vibra-narrow region in (1). 22 h :< 33 meV. compared to the low na Uaps. an ,urce raiwnal uesonances
II RC This form for the ansatz is justified in the Appendix. Due 0.1
(110] to the non-monotonic behavior of the dispersion some V I care is needed to get the right boundary conditions. The E reduced wavevector C has to be chosen from the ranges Shas to be chosen so that it is a decaying wave.
The two reflection coefficients R(C) and R(C) are now determined from the two equations of motion for the surface layers. eq. (7). The two equations for R(C) and A(C) are given (olby, transfer matrix method described in detail in the Appendix. In order to evaluate g(o) for a surface layer one needs a The resulting g(w) calculated by the transfer matrix method model for the effects of the surface on the force constants. An for the [110] direction is depicted in Fig. 4 (lower panel) . obvious effect of forming a surface is the corresponding loss A noteworthy feature of g(w) is that the divergent 'an of coordination of the surface atoms. Here we will only Hove singularities have disappeared in the projection on the account for that effect on the interlayer force constant. The outermost surface layer. This can be shown rather easily from resulting equations describing the surface layers in the [110] eqs. (9) and (10) to be due to the fact that one gets destructive direction are given by.
interference between incident and reflected waves resulting in
-w 0 at the stationary points. For instance at.; = .,, the ,.snd t -, 2, and surface interlayer force constants.
The presence of the surface breaks the translational sym- :at wave e -:L with the same energy wo(') = w(C). This kind of a bulk layer for the one-dimensional model turns into a argument suggests the following ansatz for the scattered wave bounded van Hove singularity -((1 -to.) on ai surface
layer. This argument indicates also that the divergent van metal atoms can give rise to a long range dipole field due to Hove singularity should not exist in g(w) for a projection on incomplete screening by the conduction electrons of the elecany layer for the semi-infinite substrate. A closer analysis tric field from the displaced ion cores 151. The strength of the reveals, however, that the bulk density of states are recovered dipole field is described by effective charges e7 which relate in the limit L -oo. For instance, for a layer far inside, the normal component of the dynamic dipole moment u. instance, it is not necessary that surface force constants are e= -e,* = e* and et = 0, L > 2. (17) the same as in the bulk region.
Most importantly, g(w) shows a sharp narrow feature Note that a rigid displacement of the metal atoms normal to around 23 mV as seen in Fig. 4 (lower panel) . This feature the surface cannot give rise to a dipole moment, i.e.. is now shown to be a surface vibrational resonance. In a Y-L ef = 0. The projection of the phonon density of states situation where there is an absolute band gap it is well known relevant for dipole losses is accordingly given by that the surface can introduce a localized state split off from dC 1 n " -the band. In the present case there is no absolute band gap g(w) = JOdC I /nw(C) The existence of such a pole with an square amplitude h/2Mw for phonons with energy hw and imaginary part wo relatively close to the real axis justifies n(at) is the Bose-Einstein distribution factor. calling this rather sharp peak a surface vibrational resonance.
From the inelastic dipole scattering theory the inelastic Note that the peak is quite asymmetrical due to interference current I,(w) of electrons collected in the detector around the with bulk states in the depicted projection, a feature which is specular direction after experiencing an energy loss hw is typical for Fano-resonances [16] . 14) where It is the total integrated intensity of the elastic peak in for 0 < < < I. This ansatz inserted into eq. (8) for the the energy loss spectrum. m the electron mass, .4 the area of surface layer gives a simple form for the reflection coefficient the surface primitive cell, and E 0 the kinetic energy of the R() = e'". As a function of v this reflection coefficient, electron incident with an angle x from the surface normal. R(; = I -2v 2 + 2i,/77-v(when 0 < C < 1), has no The functionf(Eo, W. ) is given by [17] poles associated with any resonances. The phonon density of f(E, w, 2) = (sin 2 2 -2 cos, 2 )Y states g(wo) projected on a surface layer can now be evaluated + * directly from eq. (!1) and is given by + (sin', + 2 cos,) In K. . The total effective dipole loss function for longitudinal bulk phonons is calcu-charge e,, had to be chosen to he 0.034e and 0.039e for Cu lated for Ni and compared with the measured spectrum. The and Ni, respectively, in order to reproduce the measured loss sensitivity of the calculated spectra to changes in the surface intensities at 300 K. These values are of the same order of force constant and the distribution of the dipole activity magnitude as for the value determined previously for the among the surface layers are also investigated. Cu(100) surface [5] . Because the resonance gives rise to a In a recent letter it was shown both experimentally and rather sharp loss peak there has been no particular need theoretically that the displacements of the outer layers of to have a detailed analysis of the contribution from the Phv,.vca Scropta 36
of the radial part of the force constant between atoms in the Theory: Ni(1 10) surface region [3, 4]. The position of the surface vibrational resonance in the *.
observed energy loss spectrum should also contain infor-1 o 24.5 meV mation about the surface force constants. The sensitivity of 2 the position of the resonance *o changes in the surface inter-X layer force constants has been investigated by calculating a o dipole active projection of the phonon density of states g(W)
• for different values of the surface interlayer force constants for Ni. The resonance is predominantly localized in the two C outermost surface layers and should accordingly be most .0 sensitive to changes of the interlayer force constants within 1 these layers. The corresponding modification of the interlayer 3 6 rmeV force constants is described by the following equation of 0) motion for the surface layers, this surface since that would require a detailed microscopic spectrum. Only the two outermost surface layers are assumed to be dipole model for the interaction potential. It would be possible to active and the total effective charge e,, has been adjusted to 0.039e (e is the proceed with the simple pair potential, but the results free electron charge) in order to reproduce the measured loss in Fig. 1 . The obtained would be highly doubtful for a transition metal due instrumental resolution has been introduced by a Gaussian broadening of to the different characters of the contributions to the interac4meV.
tion energy from the free electron like s-electrons and the tightly bound d-electrons. That the position of the resonance electron-hole pair excitations to subtract the background is much more dependent on R, than R, is no surprise since the [191. displacement field of the resonance has its dominant weight The calculated position of 24.5 meV and the peak width of on the relative displacement of the two outermost surface 6meV for the surface vibrational resonance are in good agreement with the measured values for Ni. Note that the Table I . The influence of the surface interlaver force constants value for this peak position is about I meV higher than for the on the resonance position and width. The surface interlaver peak position deduced from g(o) for the projection on the force constants R 1 = ",/oc and R, = z ,ia are normali:ed to outermost layer. This difference is due to the fact that the low the bulk inter/ayer force constant 2. The resonance position w,, energy bulk phonons contribute much less to this dipole and the width Ff, are normalized to the position w, active projection, which suppresses the asymmetry of the an 25e width l 3. me foriti-I -24.5 me V for Ni) and width i, (3. 1rmeVfor Ni. sitipeak. The peak position is thus closer to the value for the real mated full width at half maximum) corresponding to the situapart of the pole in the complex wo-plane as given in the tion , f 2 = . The area enclosed by the solid line is the previous section. For Cu, g(wo) surface region for many metals. In these new equilibrium 1 0 the SBZ could be accounted for by a reduction of about 50% ________________________ lajers. rhe experimental resolution is such that it can deter-band gap even out to the Xi-point. The resonance makes an mine the peak position within I meV. The corresponding avoided crossing with another resonance derived from a range for the position of the observed resonance relative to surface phonon in a bulk band gap. Close to the f-point the the calculated position is then 0.94 to 1.02 and is enclosed by resonance leaves the bulk subbands and appears as a surface a solid line in Table I . A large range of values for R, is phonon. acceptable but not for R,. The Table suggests that R, lies Along .he r-9 direction the displacements of the atoms between 0.8 and !.1. There are also notable changes in the partition into two classes due to the reflection plane symwidth of the resonance when R, and R, are changed. For large metry. The odd modes are polarized in the v-direction and are values of R, the resonance emerges into the region of large symmetry forbidden to couple with displacements of atoms bulk phonon density of states and the width is no longer well polarized in the x-: plane which form the even class. In the defined. With the present resolution of electron energy loss nearest neighboring central force constant model the motion pectrometers it is not meaningful to extract any information of atoms in the y-direction gives rise to a monotonic disAbout these parameters from the observed resonance width. persion of the corresponding phonons with no pseudoband A nother consideration to be taken into account is how the gaps. Henceforth the v'-motion will not be considered further. effective charges are distributed among the surface layers. In The equations of motion for displacements of atoms in the the case of the Cu(100) surface the results from a jellium x-direction and in the z-direction are coupled along the F-" model calculation for Cu suggested the distribution defined direction and are for the bulk layers given by in eq. (17) the distribution defined in eq. (17). For the other two distri-
buttons the resonance peak is still prominent and does not change its position. but the strength of the states in the where uL_ and w, e" are displacements in the xupper bulk band region has been appreciably enhanced. The and :-directions. respectively, of an atom at position R in measured loss spectra for Cu and Ni do not indicate such a Layer L. and = k,a,!2 r is the reduced wavevector along strong contribution from the bulk states. 0.6 is illustrated in Fig. 7 . If one artificially removes the directions in the SBZ has been shown to be feasible to coupling between u, and wt, then the dispersion for phonons measure for a few metal surfaces by inelastic He scattering [3] polarized in the x-direction is monotonic and crosses twice and off-specular EELS [I] . Therefore it is of interest to know the dispersion for phonons polarized in the :-direction. The how the resonance disperses away from the I-point. It is latter dispersion is non-monotonic due to the strong coupling found that the resonance exists and is derived from a pseudo-to the second nearest neighboring layer. The coupling present in eq. (23) between u, and w causes these two branches to make two avoided crossings with corresponding interchange > of character and makes them both non-monotonic with " E Effective Charges The influence of the surface on the force constant,, is "," I (t.-.oo)//2 modeled in the same way as in Section 3 by taking into _-,1account
only the loss of coordination of atoms in the surface % region. In this complex case we will not attempt to write Sulk subbands by the reduction of the restoring forces in the surface region. The v-projection of R'(u. I-) shows a narrow interacts with the MS. resonance and makes an a~oided a:
peak at 24 meV just below the minimum energy of the upper crossing with a corresponding interchange of character. The branch which can he interpreted as a state being split off from resonance MS, is a continuation of the gap mode S-into 1.
the upper branch and turning into a resonance due to overlap the bulk subbands and becomes mainly polarized in the .xwith states in the lower branch. Thus the origin of this direction for 0.6 < t < 1.0. When ; approaches the r-potnt resonance is the same as for the resonance discussed in the ( = 0 MS. goes over into the resonance discussed in the work on Ag(I I I ) where an "anomalous" peak was observed previous sections and is mainly polarized in the :-directton.
in inelastic He scattering (3]. There is, however, another From the r-point to the avoided crossing the width of MS.
narrow peak in the :-projection of g(oj, ,) around 19meV. remains roughly the same (about 3.5 meV) and after it inter-, The non-monotonic behavior of the lower branch suggests changes character it sharpens appreciable to a width less than the interpretation that this peak is a resonance derived from 0.5 meV. MS 0 broadens and gets more localized on the outerthe corresponding pseudoband gap of the lower branch most. layer away from the r-point and just at the crossing the --below t ( , = ). The upper branch shows similar non-width is about 2 meV. After the crossing the width remains ' monotonic behavior with a pseudoband gap in between w),, _,, about the same and sharpens up only just before leavgn and,,.. = I) which results in a resonance at 31.1 mcV. the bulk subband. Thus at the crossing the widths of the 'ery close to ,(. = 1). However, its dominant ampli-resonances o',erlap, which makes the avoided crossing less "e fades are on layers further inside the surface. well defined. By calculating the x-and :-projections of g(w. .,) on the outermost layer for several values of .between 0 and I the behavior of the surface vibrational modes can be followed along the r N direction as shown in Fig. X . At the .f-point we \ new kind of surface ibrational resonance is shown from have three surface phonons for displacements polarized in the turfacc lattice dnamics to exist on surfaices havinga pseudov -plane (i) S, the Rayleigh surface phonon (ti) S,, which hind Vap in the bulk phonon densit of states The surf ice exists only close to T and (iii) S-a gap mode. The lahelline of ,plits of a mode from a recion of hich density of states into the modes are taken from Ref.
[_1[ except for S,, ,hich %as not , p-,eudohind vap region w here the densit, of statles is lareely .
